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Introduction
In general, among various metals gold (Au) and silver (Ag) are exclusively used as fundamental plasmonic materials for their extremely high carrier concentration N (~10 22 cm −3 ). Such a high carrier concentration contributes to a large plasma frequency (ω p ), which offers the possibility of generating surface plasmon polaritons at the interface between metals and di electric surroundings in the visible range. Many applications such as biosensors [1] [2] [3] , metamaterials [4] [5] [6] , SPP waveguides [7] and nano-antennas [8] were based on the plasmonic property of noble metals. However, some drawbacks, such as nonadjustable optical and electrical properties, vulnerable chemical and mechanical stability [9, 10] and large magnitudes of the real part and imaginary part of the permittivity [11] [12] [13] of noble metals have hindered the design of devices for different uses, especially when the operating wavelength is located in the near-IR range. A technical problem which has challenged the integration of metals with the standard CMOS process is the diffusion of metals into silicon as dopant or contamination [14, 15] . All the mentioned disadvantages hinder the further development of metals in the field of plasmonics, and these are also the factors that motivate researchers to discover alternative candidates to noble metals.
With the unique property of high carrier concentration (~10 21 cm −3 ) [16, 17] , transparent conductive oxides (TCOs) have also attracted researchers' attention as plasmonic materials in the near-infrared (IR) range despite their traditional roles as transparent electrodes in the panel display and photovoltaic industry. Advantages of TCOs [18] [19] [20] [21] [22] over noble metals or competitors such as titanium nitride (TiN) [23] [24] [25] as plasmonic materials are various: properties can be manipulated according to deposition conditions [26, 27] ; the relatively small magnitude of the real and imaginary parts of the permittivity (low loss); they are compatible with the standard CMOS fabrication process [28] .
The most popularly used TCO is indium tin oxide (ITO) for its ability to offer the lowest resistivity (around 1-2 × 10 −4 Ω cm) [16, 17] . Meanwhile, competitors, particularly doped zinc oxide (dopants such as Al, Ga etc), have emerged as alternatives to TCO for the sake of low cost and abundant availability. However, the conductivity of doped ZnO was not high enough compared with ITO: for Al:ZnO the reported resistivity was 3-4 × 10 −4 Ω cm [26] , the resistivity of Ga:ZnO [29] was around 2.8 × 10 −4 Ω cm and so on. As a result, many applications have applied ITO as an effective plasmonic material. Some examples are the following. Franzen et al [20, [30] [31] [32] explored the plasmonic property of ITO films based on prism coupling and compared it with noble metals. Melikyan et al [33] successfully realized an absorption modulator (operation speed > 100 Gbit s −1 ) by changing the SPP absorption of the ITO layer at communication wavelength. Kim et al [34] systematically investigated the plasmonic resonances in nanopatterned TCOs (ITO, GZO, AZO) and confirmed that ITO can support SPPs at communication wavelength. Feigenbaum et al [35] altered the optical property of ITO by electronically changing the carrier concentration of the ITO layer in order to realize a plasmonic waveguide structure.
The evidence above shows promising potential for TCOs, particularly ITO, as important materials in the design of plasmonic or metamaterial devices. However, a problem that should not be ignored is that most of the optical properties of ITO used in the mentioned applications were based on theoretical reports or incomplete experimental parameters. Despite the fact that countless papers were about optimizing the deposition conditions to obtain excellent visible transparency and conductivity, reports had seldom been published to explore the relations between metallic behaviors of ITO in the near-IR range or plasmonic properties and the deposition conditions. In this paper, we deposited ITO films via the PLD technique and systematically investigated the optical and electrical properties as a function of the deposition conditions in the near-IR range. A spectroscopic ellipsometry measurement was made to retrieve the permittivity of the ITO films. Thorough characterizations of the ITO films with different plasmonic behaviors in the near-IR range are provided as references for the requirements of different plasmonic applications.
Experiment
The fabrication of the ITO films was completed through a PLD system whose KrF excimer laser source was a Compex Pro 205 (Coherent) with a laser wavelength of 248 nm and pulse duration of 20 ns. Prior to deposition the chamber was evacuated to below 2 × 10 −3 Pa and then the target was ablated by the laser for 10 min. During deposition, the laser with 300 mJ power and 5 Hz repetition was 45° focused through a 50 cm focal length quartz glass onto a rotating target (10 revolutions min −1 ) to avoid surface deterioration. The target-substrate distance was kept at 4 cm. The focused laser spot was a rectangular shape with an area of 0.4 × 0.5 cm 2 , thus the ablation energy density was 1.5 J cm . The ITO target (purity 99.99%) was a 2 in diameter and 5 mm thick ceramic disk with the composition of In 2 O 3 :SnO 2 = 90%:10% by weight. The substrates were 10 mm × 10 mm Corning Eagle XG AMLCD glass with thickness of 0.7 mm. The glass substrates were subsequently ultrasonically cleaned in acetone, methanol and distilled water for 10 min and were immediately dried with dry flowing nitrogen. When the chamber was evacuated to below 2 × 10 −3 Pa, the substrate temperature was set and kept to a desired value (100-400 °C), after which oxygen could be injected into the chamber. By tuning the turbo pump valve and the gas valve, the ambient oxygen gas pressure of the deposition chamber was monitored at a constant level (1-10 Pa). After the deposition, the substrate was naturally cooled in the same oxygen conditions without any post-annealing process.
The crystallinity of the ITO films was explored through x-ray diffractometry (XRD, PANalytical X'Pert PRO, Cu Kα radiation). The thickness and the surface smoothness were investigated through field emission scanning electron microscopy (FESEM, Zeiss Ultra-55). Hall measurement (Ecopia, HMS-5000) was performed to obtain the carrier concentration, resistivity and Hall mobility of the ITO films using the van der Pauw configuration. The optical properties (direct transmittance) ranging from 300 nm to 2500 nm were measured with a Shimadzu UV-3101 spectrophotometer. The absorption (from 900-2500 nm) of the ITO films was calculated by measuring the reflectance and transmittance using Fourier transform infrared spectroscopy (FTIR: Bruker Vertex 70). Spectroscopic ellipsometry (Semilab GES 5E) was applied to measure the polarization change (quantified by the amplitude ratio, ψ, and the phase difference, Δ) when incident radiation interacted with ITO films. Then software (WinElli II) was used to retrieve the ITO films' optical permittivity (real part (ɛ ′) and imaginary part (ɛ ″ )) by fitting the measured data to a physical model in the range of 1000-2000 nm.
Results and discussion
The microstructure and crystallinity were explored through XRD measurement as shown in figure 1 . According to the diffraction patterns (θ/2θ), it seemed that the microstructures of ITO films were highly dependent on the substrate temperature (T s ) and oxygen pressure (P O2 ). The diffraction peaks of (2 1 1 [36] [37] [38] [39] , meaning that the Sn 4+ was substitutionally incorporated into the In 3+ site or in the interstitial positions (except the likely SnO phase separation in figures 1(c) and (d) at 47°). However, when T s = 100 °C in figure 1(d), the broad band in the patterns without any peaks showed that ITO films deposited with oxygen pressure of 5-10 Pa had an amorphous property. Only when oxygen pressure dropped to 1 Pa did the crystallinity start to form with (4 0 0) preferred orientation. Such a phenomenon could also be observed in the XRD patterns of ITO films deposited with T s = 200 °C. The effect of oxygen partial pressure on the microstructure can be explained by the properties of PLD [40] [41] [42] ; this was fully discussed by Kim et al [43] .
Regardless of ambient oxygen pressure, all the ITO films with T s = 300-400 °C possessed high polycrystallinity and exhibited nearly the same preferred orientation as shown in figures 1(a) and (b). The differences between patterns of ITO films with T s = 300 °C and 400 °C indicated that the higher substrate temperature contributed to a higher degree of crystallinity. The peak around 30° of the T s = 300 °C and P O2 = 5 Pa XRD pattern can be separated into SnO 2 (1 1 1) at 29.9° and In 2 O 3 (2 2 2) phases according to SnO 2 (JCPDS card no 29-1484); such an observation was also reported by Petukhov et al [44] . Table 1 exhibits the ratio of (2 2 2) peak intensity versus that of the (4 0 0) peak (I[(2 2 2)/(4 0 0)]) to present the predominant orientation, and the approximate grain size calculated using the Scherrer equation [39] . From the evolution of the I[(2 2 2)/(4 0 0)] value, it was obvious to conclude that the ITO films' preferential orientation shifted from the (2 2 2) to the (4 0 0) crystallographic plane. The shrinking (2 2 2) linewidth in figure 1(a) echoes the growth of the calculated grain size, showing that higher oxygen pressure led to larger grain size [39, 43] .
Figures 2(a)-(c) are the FESEM cross-sections of ITO films on glass substrates deposited under a constant T s of 400 °C and P O2 of 10 Pa, 5 Pa and 1 Pa, respectively. The ITO films deposited at T s =300 °C and P O2 = 1 Pa are also shown in figure 2(d) for comparison. All the films exhibited excellent thickness uniformity and sharp edges owing to the unique ability of the PLD technique to fabricate high quality thin films. The thicknesses of the ITO films were controlled by deposition duration. From the details of the cross-sections, all the films exhibited textured cross-sections with packed nano-column structures (nearly vertical to the surface of the substrate), which were similar to reported results [45] . The identical XRD patterns for P O2 = 1 Pa, T s =400 °C, and P O2 = 1 Pa, T s = 300 °C, reflected the similar nano-structures in figures 2(c) and (d). When T s was fixed at 400 °C, we can observe that the average width of nano-columns narrowed and they became more condensed and compacted according to the decreased ambient oxygen gas pressure. This also echoes the results revealed by XRD patterns: the calculated grain sizes in table 1 increased as oxygen pressure rose.
Hall measurements with the van der Pauw configuration of four probes were made to obtain the electrical parameters. In figure 3 , carrier concentration (N), resistivity (ρ), sheet resistance (R □ ) and Hall mobility (μ) depending on substrate temperature were measured and illustrated as black squares (■), red triangles (▲), green stars (☆) and blue dots (•), respectively. The carrier concentration exhibited a monotonic increase as T s rose from 100 °C to 400 °C. to 19.4 cm 2 V −1 s −1 when T s altered from 100 to 400 °C. In contrast, the resistivity and the sheet resistance shrank according to the increase of T s . The minimum resistivity was 2.41 × 10 −4 Ω cm at T s = 400 °C and the corresponding sheet resistance was 14.6 Ω □ −1 . The gradual increase of the carrier concentration was in agreement with others' research [36, 39] and can be attributed to the diffusion of Sn atoms into the In cations [43] . In the meantime the decrease of resistivity (or sheet resistance) and increase of Hall mobility both benefited from the improved crystallinity of the ITO films introduced by the upgraded substrate temperature, as the reduction of grain boundaries (acting as traps or defects hindering the transition of electrons) would effectively improve the conductivity of the materials. Table 1 . Evolution of the calculated grain size and the ratio of (2 2 2) phase peak intensity versus (4 0 0) phase peak intensity as a function of oxygen pressure. 19.4 14.6
The corresponding electrical parameters including carrier concentration (N), resistivity (ρ), sheet resistivity (R) and Hall mobility (μ) were measured. The substrate temperature was kept at 400 °C while the oxygen pressure was variable. Table 1 provides the electrical properties (N, ρ, R □ and μ) of ITO films as a function of ambient gas pressure, when T s = 400 °C. Another main factor contributing to the conductivity of TCOs was the existence of oxygen vacancies, as each oxygen vacancy was capable of creating two extra free electrons [39] . Consequently, the carrier concentration rocketed from 2.85 × 10 20 to 1.34 × 10 21 cm −3 when P O2 decreased from 10 Pa to 1 Pa. As expected, the resistivity decreased from 6.03 × 10 −4 to 2.41 × 10 −4 Ω cm as P O2 changed from 10 Pa to 1 Pa. Attention should be paid to the variation of Hall mobility: at first the mobility slightly decreased from 36. figure 1(a) . Also the decrease of grain size would result in an increase of grain boundaries, which would hinder the transitions of electrons. Still, it was a compromise between obtaining high carrier concentration and high electron mobility. It was clearly observed that, when the substrate temperature was kept constant, the ITO films possessed higher overall transparency if P O2 was higher. Furthermore, the differences of transmittance between different oxygen pressures enlarged as the wavelength increased from the visible range to wavelengths above 1000 nm. In figure 4 , the dashed lines located at the wavelength of 1550 nm are drawn to manifest the optical behaviors of ITO films in the near-IR range. For T s = 400 °C in figure 4(a) , the transmittances at 500 nm of ITO films deposited with P O2 values of 10 Pa, 5 Pa and 1 Pa were 84.6%, 83.3% and 70.9%, respectively, while as the wavelength increased to 1550 nm the corresponding transmittances decreased to 80%, 67% and 16.4% accordingly. Moreover, the ITO film with P O2 = 10 Pa exhibited a broad band of high transparency (>80%) from 400 nm to 1600 nm. However, the transparent window of the ITO film with P O2 = 5 Pa shrank to the range of 400-1300 nm; furthermore, the transmission window for the ITO film with P O2 = 1 Pa severely narrowed to 400-1000 nm. The gradual decrease of transmittance in the near-IR range and the narrowing of the transparent window were mainly due to the free carrier plasma resonance located in the near-IR range [47] [48] [49] . The free electrons oscillated with incident light with a specific frequency and screened the electromagnetic wave via intraband transitions within the conducting band [16, 47] . According to the Drude model [39, 47] , the plasma frequency ω p was defined as follows:
where N is the carrier concentration, ε ∞ the high frequency dielectric constant, ε 0 the free space dielectric constant, e the electronic charge and m * the effective mass of an electron. From equation (1), the plasma frequency ω p was positively proportional to N; consequently, the plasma frequency ω p would exhibit a blue shift once the carrier concentration rose. For ITO film deposited with T s = 400 °C and P O2 = 10 Pa the carrier concentration was 2.85 × 10 20 cm −3 , and as P O2 decreased to 1 Pa the carrier concentration rocketed up to 1.34 × 10 21 cm −3 . As a result, the increased carrier concentration was held responsible for making the IR transparent end shift to shorter wavelength.
The transmittance of ITO films was also influenced by the substrate temperature as well. When P O2 = 10 Pa, it seemed that the transparency of ITO films changed little, with a maximum value of around 90% in the visible range (400-800 nm) regardless of the T s increase from 100 °C to 400 °C. However, the differences emerged in the near-IR range: the transmittances of ITO films with T s = 400 °C at 1550 nm and 2500 nm were 79.36% and 33.19%. This transmittance increased with decreasing T s : when T s = 100 °C, the transmittances at 1550 nm and 2500 nm were 87.37% and 71.29%, which were the highest among all the samples. However, the carrier concentration (2.85 × 10 20 cm −3 ) of the ITO film deposited at T s = 400 °C was much higher than that (2.44 × 10 19 cm
) of the ITO film deposited at T s = 100 °C. By combining the electrical property and optical measurement results, a trade-off should be taken into consideration between high transmittance and high conductivity.
In order to further inspect the influence of deposition conditions on the optical properties of ITO films, the reflectance in the range of 900-2500 nm was measured and presented in figure 5 . The absorption was calculated using the relation A = 1 − T -R; T represents the transmittance, which was also measured using FTIR. Figure 5 (a) exhibits the reflectance (solid lines) and absorption (broken lines) of ITO films as a function of oxygen pressure; the substrate temperature was fixed at 400 °C. From figure 5(a) , the reflectance of the ITO films obviously increased linearly along with the enlargement of wavelength, and higher carrier concentration would bring higher reflectance, especially at longer wavelength. Such a phenomenon echoes the results of lowered transmittance with higher carrier concentration shown in figure 4(a) . Accordingly, the absorption lines presented three remarkable points: (1) the absorption peak narrowed or the half-width of the absorption band deceased with increasing carrier concentration; (2) the center wavelength of the absorption peak shifted to shorter wavelength (blue shift occurred when substrate temperature was constant, the oxygen pressure decreased); (3) the absorption intensified with increasing carrier concentration. The wavelength where the absorption reached a maximum was usually regarded as the plasma frequency λ p [39, 47] . λ p shifted to 1260 nm when the carrier concentration reached its maximum of 1.34 × 10 21 cm −3 (P O2 = 1 Pa and T s = 400 °C); such a discovery was in good agreement with equation (1). Figure 5 (b) exhibits the reflectance (solid lines) and absorption (broken lines) of ITO films influenced by substrate temper ature (400 °C to 100 °C); P O2 was set to 1 Pa. The match between the blue and red lines (solid or broken) represents the similarity of the optical properties of ITO films deposited at T s = 300 °C and T s = 400 °C. This observation could also be supported by the identical microstructure in XRD patterns and electrical results. The ITO film with T s = 200 °C also had the same behavior except for relatively high absorptions. However the sample deposited with T s = 100 °C presented very high absorptances (low reflectances) in the range of 1500-2500 nm, which was quite different from the other three samples. Such a phenomenon may result from both the amorphous property of the ITO film and the excess number of oxygen vacancies.
In order to evaluate the plasmonic property of ITO films in the near IR, spectroscopic ellipsometry (SE) was applied to measure the amplitude ratio (Ψ) and the phase difference (Δ) when incident light (wavelength range from 1000 nm to 2000 nm) interacted with ITO films at an angle of 58°. Then an optical model was applied to retrieve the dielectric constant of the ITO film. Many works have been done to explore the optical property of ITO films using SE method by exclusively using the Drude and Lorentz model or Cauchy model to describe the optical constant of the ITO film in the visible range [34, [48] [49] [50] . Here the Drude model [35, 51] was used to describe the metallic property of ITO films in the near-IR range (regardless of the interband absorption described by the Lorentz model in the UV range) and defined as follows:
Here, ω p is the plasma frequency as defined in equation (1), ε ∞ the high frequency dielectric constant, ω the frequency of the free space wave and Γ the Drude relaxation rate, which was responsible for scattering/ohmic losses [10] . Figure 6 (a) shows the ε′ (real part) and ε″ (imaginary part) permittivity of ITO films as a function of oxygen pressure (black line, 10 Pa; red line, 5 Pa; blue line, 1 Pa); T s = 400 °C. The straight black dashed line is presented to show the crossover wavelength (λ c ), which was defined as the wavelength where ε′ (real part) changed from positive to negative.
The ε′ of ITO film deposited with P O2 = 10 Pa remained positive until the wavelength reached 1930 nm, while the λ c values of ITO films deposited with P O2 = 5 Pa and P O2 = 1 Pa were 1750 nm and 1270 nm, respectively. λ c = 1270 nm was shorter than that (1.4-1.5 μm) of reported AZO film [26] , indicating that the ITO film can be used as a plasmonic material in applications whose operating wavelength is 1.55 μm. The shifting of λ c to shorter wavelength was linearly related to the decrease of P O2 , which can be explained according to the Hall measurement results (shown in (P O2 = 1 Pa). According to equations (1) and (3), the enlarged N contributed to a larger ω p , making it easier for ε′ to be negative. According to Naik et al [10] , a large ε″ was obtained by either large Γ (intense grain-boundary scattering) or large N, or both. Thus in our case the ITO film with the highest carrier concentration (1.34 × 10 21 cm −3 for P O2 = 1 Pa) exhibited the largest ε″ (<3) compared with ε″ (<1.5) of the other two samples. The nearly identical ε″ of ITO films with P O2 = 10 Pa and P O2 = 5 Pa was probably influenced by Γ, as the XRD patterns were nearly the same and exhibited good polycrystallinity, as shown in figure 1(a) . Figure 6 (b) shows the evolution of permittivity (ε′ and ε″) according to the change of substrate temperature (blue, T s = 400 °C; red, T s = 300 °C; black, T s = 200 °C; green, T s = 100 °C) when oxygen pressure was kept at 1 Pa. Aided by the straight dashed line, the shifting of λ c to shorter wavelength according to the increase of T s from 100 to 400 °C can be clearly observed. The λ c of the ITO films with T s = 100 °C was 1780 nm, which was larger than that (λ c = 1400 nm at T s = 200 °C, λ c = 1310 nm at T s = 300 °C, λ c = 1270 nm at T s = 400 °C) of ITO films with higher substrate temperatures. Still the ITO film deposited with T s = 400 °C and P O2 = 1 Pa has the shortest λ c with permittivity at 1.55 μm of ε = −1.6401 + i 1.4532; the negative ε′ made it possible for ITO films to act as alternative plasmonic materials in the near-IR range. From figure 6(b) , the ε″ of the ITO sample deposited under T s = 100 °C was much larger than that of the other samples; this was mainly due to the intense grain boundary scattering (this can be seen from the XRD pattern shown in figure 1(d) ). As ε″ was proportional to N (equation (4)) and relaxation rate Γ (Γ = e/μm * ) [10] , the less polycrystalline microstructure of the T s = 100 °C ITO sample detrimentally influenced the Hall mobility and increased the relaxation rate Γ. The nearly identical ε″ for T s values of 200 °C, 300 °C, and 400 °C showed that ε″ was less sensitive to substrate temperature. The carrier concentrations of the three samples were all above 1 × 10 21 cm −3 and the XRD pattern showed that they were all polycrystalline (especially for T s = 300 °C and T s = 400 °C). Figure 7 shows a comparison between the permittivity (lines) of the ITO sample (T s = 400 °C, P O2 = 1 Pa) and that (dots) of gold [52] by Palik et al. It is obvious that the value of ε′ (1.6401 @ 1.55 μm) of ITO was much smaller than that (95.62 @ 1.55 μm) of gold. For ε″, the ITO film showed its advantages: ″ ε ITO = 1.4532 of the ITO film was several times lower than ″ ε Au = 10.96 of gold at a wavelength of 1.55 μm. The small imaginary part of the permittivity of the ITO film indicated the possibility of lowering optical losses as well as improving the working efficiency in the near-IR range.
In order to evaluate the plasmonic properties of the ITO films, two kinds of quality factor were introduced in the applications of localized surface plasmon resonances (LSPRs) and surface plasmon resonances (SPPs) [13] . The two quality factors were defined as follows:
Here ε m (ω) is the permittivity of the plasmonic material, i.e. ITO. ε d (ω) is the permittivity of the surrounding dielectrics; here air was chosen with ε d (ω) = 1. Figure 8 illustrates the Q LSPR (dots) and Q SPP (lines) of ITO samples as a function of deposition conditions, (a) for varied P O2 with fixed T s = 400 °C and (b) for varied T s with fixed P O2 = 1 Pa. In the two figures, the Q SPP of ITO deposited with P O2 = 10 Pa, T s = 400 °C, and P O2 = 1 Pa, T s = 100 °C, did not exist because ( ) ε ω + > ′ 1 0 m in the range 1000-2000 nm. As can be seen from figure 8(a), Q LSPR /Q SPP were highly dependent on the oxygen pressure, and the ITO sample deposited with P O2 = 1 Pa, T s = 400 °C, presented the best performance. Meanwhile, from figure 8(b), it seems that when the oxygen pressure was kept at 1 Pa the substrate temperature cast less influence on Q LSPR /Q SPP, especially when T s ⩾ 200 °C. At the wavelength of 1.55 μm the Q LSPR and Q SPP of the ITO film with P O2 = 1 Pa, T s = 400 °C, were 1.128 and 0.722, which were much smaller than those of gold (Q LSPR = 10.63, Q SPP = 1140) [13] . However, for applications of transformation optics (TO: require a negative but small in magnitude ε′) [13] , the quality factor was ( ) ( ( . Thus in this case noble metals like such as gold or silver were not suitable at all because of their large magnitude of ε′ and ε″ in the near-IR.
Conclusions
The influences of substrate temperature and oxygen pressure on the microstructures and electrical and optical properties of ITO films prepared by pulsed laser deposition have been systematically explored and discussed. By increasing substrate temperature (to 400 °C) and decreasing oxygen pressure (to 1 Pa), the highest carrier concentration was obtained at the level of 1.34 × 10 21 cm −3 . Such a high carrier concentration resulted in the shifting of λ c as low as 1270 nm while obtaining a permittivity of ε ITO = −1.6401 + i 1.4532 at the wavelength of 1.55 μm. As compared with the permittivity of gold (ε Au = −95.62 + i 10.96 @ 1.55 μm), the small magnitude of both the real and imaginary parts of the permittivity of ITO provided advantages in applications of transformation optics and others. Besides, the properties of ITO films can be tuned according to the deposition conditions, making the choice of ITO films more flexible. Furthermore, the stable chemical and physical properties of ITO films would be useful in some extreme applications where conventional noble metals are not suitable. All the results and discussion indicate that ITO films are qualified to replace conventional metals for low loss alternative plasmonic materials in the near-IR range.
